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INFLORESCENCE DEFICIENT IN ABSCISSION Controls Floral
Organ Abscission in Arabidopsis and Identifies a Novel Family

of Putative Ligands in Plants

Melinka A. Butenko,? Sara E. Patterson,? Paul E. Grini,2 Grethe-Elisabeth Stenvik,? Silja S. Amundsen,?

Abul Mandal,® and Reidunn B. Aalen?2

aDivision of Cell and Molecular Biology, University of Oslo, N-0315 Oslo, Norway
b Department of Horticulture, University of Wisconsin-Madison, Madison, Wisconsin 53706-1381
¢Department of Natural Sciences, University of Skévde, 54128 Skdvde, Sweden

Abscission is an active process that enables plants to shed unwanted organs. Because the purpose of the flower is to facil-
itate pollination, it often is abscised after fertilization. We have identified an Arabidopsis ethylene-sensitive mutant, inflores-
cence deficient in abscission (ida), in which floral organs remain attached to the plant body after the shedding of mature
seeds, even though a floral abscission zone develops. The IDA gene, positioned in the genomic DNA flanking the single T-DNA
present in the ida line, was identified by complementation. The gene encodes a small protein with an N-terminal signal pep-
tide, suggesting that the IDA protein is the ligand of an unknown receptor involved in the developmental control of floral
abscission. We have identified Arabidopsis genes, and cDNAs from a variety of plant species, that encode similar proteins,
which are distinct from known ligands. IDA and the IDA-like proteins may represent a new class of ligands in plants.

INTRODUCTION

Abscission, a physiologically determined program of cell sepa-
ration, provides a mechanism whereby every discrete, multicel-
lular plant organ, such as leaves, flowers, or fruits, becomes de-
tached from the plant body in a controlled manner (Sexton and
Roberts, 1982). Abscission can be initiated in response to envi-
ronmental events such as disease or pathogens, or it can be a
programmed shedding of organs that no longer provide essen-
tial function to the plant, exemplified by the flower after aiding
in pollination (Bleecker and Patterson, 1997). The process requires
the formation of an anatomically distinct structure, the abscission
zone (AZ), which constitutes the region where organs are de-
tached from the plant body (Addicott, 1982). Very little is known
about which developmental signals and how cell—cell interactions
inform primordial AZ cells to differentiate (Gonzalez-Carranza
et al., 2002).

Arabidopsis does not display leaf or fruit abscission, but it is
an interesting model for floral abscission because it sheds intact
turgid floral organs (Patterson, 2001). Thus, the Arabidopsis ab-
scission process is not obscured by phenomena associated with
senescence. The cells of the floral organ AZ (consisting of filament,
petal, and sepal) of Arabidopsis are determined by the pres-
ence of small and densely cytoplasmic cells (Bleecker and
Patterson, 1997). Soon after anthesis, the separation of floral or-
gans takes place as an active form of programmed abscission
(Patterson et al., 1994; Bleecker and Patterson, 1997). The pro-
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cess can be divided into several steps (Patterson, 2001). After
the AZ has formed at the junction between the flower recepta-
cle and floral organs, this zone acquires the competence to re-
spond to abscission signals, and the cell separation process
commences. This is accompanied by the elongation of cells at
the plant body side of the AZ. It is not clear whether this elonga-
tion is a necessary step in the abscission process or a result of
this process. The middle lamella between the cells in the AZ is
degraded by enzymatic hydrolysis, and at the plant body side
of the AZ a protective layer differentiates.

Evidence from many different abscission model systems sup-
ports ethylene’s promotional and auxin’s inhibitory role in the
regulation of abscission in dicotyledonous plants (Abeles, 1968;
Addicott, 1982; Roberts et al., 1984; Woltering and Van Doorn,
1988; Brown, 1997; Van Doorn and Stead, 1997). However, it is
doubtful whether ethylene also is the sole inducer and regulator of
the gene expression program that causes separation (Gonzalez-
Carranza et al., 1998).

Recent reports indicate a subordinate role for ethylene in flo-
ral organ abscission in Arabidopsis, by showing that reduction
of the protein level of the Leu-rich repeat (LRR) receptor-like
kinase (RLK) HAESA delays floral abscission (Jinn et al., 2000)
and that overexpression of the MADS domain factor AGL15 re-
sults in delayed abscission (Fernandez et al., 2000), although the
ethylene responses of these plants were normal. The ethylene-
insensitive Arabidopsis mutants etr? (Bleecker et al., 1988) and
ein2 (Guzman and Ecker, 1990) also show a considerable delay
in floral abscission, but comparative studies demonstrate that
these mutants go through virtually the same developmental pro-
gression as wild-type plants (Patterson et al., 1994; Bleecker and
Patterson, 1997). Thus, during floral organ abscission in Arabidop-
sis, the assumed essential role of ethylene may be a misconcep-
tion, and it is conceivable that developmental pathways indepen-
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dent of ethylene may regulate floral organ abscission (Bleecker
and Patterson, 1997).

Here, we present an Arabidopsis mutant, inflorescence defi-
cient in abscission (ida), that retains its floral organs indefinitely.
This deficiency is not influenced by ethylene, although ida other-
wise shows normal ethylene sensitivity. A comparative analysis of
floral organ abscission between wild-type and ida mutant plants,
as well as in the etr7-1 mutant, suggests that the mutation mainly
affects the last step(s) of the abscission process. IDA encodes a
novel protein with properties that suggest that it is a ligand. Bio-
informatics was used to identify cDNAs and genes that encode
similar proteins in a number of plant species.

RESULTS

The Mutant ida Develops an AZ but Is Deficient in
Floral Abscission

In screening for mutants delayed in floral abscission, we identi-
fied the ida mutant in a collection of Arabidopsis lines trans-
formed with the T-DNA vector pMHA2 (Mandal et al., 1995). In
wild-type Arabidopsis flowers, the shedding of turgid flower pet-
als, sepals, and stamens supervened soon after anthesis (Figure
1) (Bleecker and Patterson, 1997). At positions 2, 4, and 6 (counted
from the first flower with visible white petals at the top of the inflo-
rescence), the floral organs of wild-type as well as etr7-1 and ida
plants were turgid and attached to the developing silique (Figure
1B). At position 10, the perianth and stamens had abscised from
the wild-type flower. The etr1-1 mutant abscised its flowers first
at position 16 (Figure 1B). By contrast, the mutant ida retained
its floral parts indeterminately (past position 30; Figures 1A and
1C). After the shedding of mature seeds, the now completely
dry, colorless, and transparent senesced floral parts of the mu-
tant ida remained attached (Figure 1C).

Scanning electron microscopy was used to compare the mor-
phology of wild-type petal AZ with that of ida and to discern possi-
ble changes in the petal AZ of ida (Figures 2A to 2J) after either
forcible removal or natural abscission of the petals. At position 4,
broken cells were revealed at the fracture plane of the petal AZ in
the wild type and the ida mutant (Figures 2A and 2F). This was fol-
lowed by the exposure of a flattened fracture plane at position 8
(Figures 2B and 2G), indicating the partial dissolution of the
middle lamella in the petal AZ cells. At position 10, wild-type AZ
cells started to show an initial rounded appearance (Figure 2C),
whereas the fracture plane of ida still revealed only the flattened
cavity (Figure 2H). The rounding and elongation of cells proceeded
in the wild type, and cells were fully rounded by position 12 (Figure
2D). Although the cells of the fracture plane of ida seemed to fol-
low a similar progression, these cells appeared to be more ob-
scured by middle lamellar material and less rounded (Figure 2I)
than wild-type cells at positions 10 and 12 (Figures 2C and 2D). At
later stages, an increase in the number of broken cells was ob-
served in ida (Figure 2J). These broken cells were highly similar to
those seen in early positions and correlated with high break-
strength (Figures 2J and 2K; see below), indicating an incomplete
dissolution of the middle lamella in AZ cells in ida.

To obtain a quantitative measure of the difference between
the wild type and ida, the force needed to remove petals from
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Figure 1. Phenotype of the ida Mutant Compared with the Wild Type
and etr1-1.

(A) Inflorescences of wild-type (wt) Arabidopsis and the ida mutant. The ar-
rowhead indicates the first wild-type flower position where the floral organs
have abscised. Note ida flowers attached along the entire inflorescence.
(B) Flowers along the inflorescence. Note the indications of senescence
in ida flowers from position 16, showing that the mutant is sensitive to
ethylene. Note also fresh, turgid, and vivid floral organs at all positions
before abscission in the ethylene-insensitive etr7-1 mutant.

(C) Septum from a dry plant after dehiscence of seeds with dry floral or-
gans still attached in the ida mutant, in contrast to the wild type.

the plant was measured using a stress transducer (Fernandez
et al., 2000). As shown in Figure 2K, the breakstrength of wild-
type petals decreased rapidly from position 2, in agreement
with the scanning electron micrographs at the different posi-
tions. At position 8, the breakstrength was not measurable, and



I,
O
)
c
=
aw
)
=
=

2298 The Plant Cell

Figure 2. Morphology of AZs and Petal Breakstrength.
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Scanning electron microscopy of the fracture plane AZ cells of petals in wild-type ([A] to [E]) and ida ([F] to [J]) flowers at positions 4 ([A] and [F]), 8
([B] and [G]), 10 ([C] and [H]), 12 ([D] and [l]), and 22 ([E] and [J]) after forcible removal or natural abscission. Wild-type petals abscise naturally at
position 8. (K) shows petal breakstrength (i.e., the force required to remove the petals from the flowers) measured from positions 2 to 32 along the in-
florescence. Breakstrength was measured for 15 wild-type and ida plants, with a minimum of 20 measurements at each position. Standard deviations

are shown as thin lines at the top of the columns.

the petals fell off at the slightest touch. The ida mutant initially
showed a similar, but slightly delayed, breakstrength profile com-
pared with the wild type. It is significant that at position 10 of the
mutant, force still was needed for detachment, although the break-
strength approached zero. After position 12, the breakstrength in-
creased again, in agreement with the increase in the number of
broken cells observed. The oldest ida flowers on an inflorescence
(position 32) had a breakstrength similar to that of the youngest
flowers.

The ida Mutant Is Sensitive to Ethylene

In the ida mutant, no developmental processes other than floral
abscission were affected. This is in contrast to the ethylene in-
sensitive mutants etr1 and ein7, which in addition to a delay in
floral abscission showed delayed leaf senescence, larger ro-
settes, a delay in bolting and flowering, and very low seed germi-
nation rates under a variety of environmental conditions com-
pared with wild-type plants (Bleecker et al., 1988; Guzman and
Ecker, 1990; Grbic and Bleecker, 1995; Roman et al., 1995).

To investigate whether there were additional differences be-
tween ida and the ethylene-insensitive mutants, we tested the
ethylene sensitivity of ida. In contrast to etr7-1, the ida mutant
was sensitive to ethylene (Figure 3). The “triple-response” as-
say has been used to identify mutants altered in ethylene syn-
thesis, perception, and responses (Kieber et al., 1993). Seedlings
of the ida mutant germinated on the natural precursor of ethyl-
ene, 1-aminocyclopropane-1-carboxylic acid (data not shown),
or exposed to ethylene at 10 ppm (Figure 3A) displayed the
same drastic morphological changes characteristic of wild-type
seedlings (i.e., inhibition of root and hypocotyl elongation, radial
swelling of the hypocotyl and root, and exaggeration in the cur-
vature of the apical hook). Thus, in contrast to etr7-1 seedlings,
ida seedlings seemed perfectly capable of perceiving and re-

sponding to ethylene. Similarly, incubation of mature plants in
chambers with ethylene at 10 ppm resulted in wilting of rosettes
and cauline leaves in wild-type and ida plants, whereas etr1-1
plants were unaffected by the treatment (Figure 3B). In wild-type
plants, this level of ethylene also resulted in senescence and
abscission of floral organs soon after the opening of the flower.
In the ida plants, floral organs senesced but did not abscise (Fig-
ure 3C). Thus, except with regard to floral abscission, ida re-
acted as a wild-type plant to ethylene exposure.

The ida Mutant Phenotype Is Caused by a Single
Recessive Mutation

To identify the genetic basis for the ida phenotype, the mutant
was crossed to wild-type Arabidopsis. F1 plants from the cross
did not show the phenotype, indicating that ida is controlled by
a recessive gene. In the F2 generation, the number of wild-type
and ida plants was consistent with the 3:1 ratio (37 wild type:11
ida; x? = 0.13, P > 0.7) that would be expected if the ida phe-
notype is the result of a homozygous recessive, monogenic mu-
tation. The T-DNA of pMHA2 carries a marker gene (nptll) confer-
ring kanamycin resistance (Mandal et al., 1995). All progeny plants
displaying the ida phenotype were homozygous for the single
T-DNA present in the ida mutant line (i.e., the progeny of ida plants
were always 100% kanamycin resistant). The cosegregation of
homozygosity of the T-DNA and the ida phenotype indicated that
the T-DNA insertion caused the mutant phenotype.

The ida Mutant Is Rescued by a 2019-bp
Genomic Fragment

The plant DNA flanking the right border of the T-DNA insertion
was cloned using inverse PCR (Meza et al., 2002), whereas the
other side was cloned by standard PCR with a T-DNA-specific
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Figure 3. Ethylene Response of the ida Mutant.

(A) The triple-response assay was conducted by exposing seedlings
growing on vertical half-strength Murashige and Skoog (1962) agar
plates to 10 ppm ethylene for 3 days in the dark. Note that ida reacts as
a wild-type (wt) seedling, whereas etr1-1 is insensitive to ethylene and
behaves like a control seedling subjected to air.

(B) Mature wild-type, ida, and etr7-1 adult plants were exposed to 10
ppm ethylene for 48 h in flow-through chambers. Note the yellow, wilt-
ing rosette leaves of the wild type and ida but not of etr71-1.

(C) Comparison of flowers at positions 0 to 6 exposed to air or to 10
ppm ethylene. In wild-type flowers, exposure to ethylene causes senes-
cence and floral organ abscission already in flowers at position 1. By
contrast, ida flowers senesce but do not abscise.

primer and a genomic primer (see Methods). Sequencing of the
cloned junctions revealed that the T-DNA was inserted on chro-
mosome 1 between an annotated gene that encodes a putative
protein with 10 LRRs (At1g68780) and a small, intronless gene
(At1g68765) (Figure 4A).

To determine whether either of these genes was affected by
the T-DNA insertion, we transformed ida mutant plants with two
independent genomic fragments: one (2633 bp) covered the LRR
gene, including 959 bp of upstream and 154 bp of downstream
sequence; the other (2019 bp) started 8 bp downstream of the
stop codon of the At1g68780 gene and ended 303 bp down-
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stream of the At1g68765 open reading frame (Figure 4A). Fifty-
nine and 58 independent transformants were generated for
each construct, respectively. All of the transformants harboring
the LRR gene displayed the mutant ida phenotype (Figure 4B),
whereas 54 plants transformed with At1g68765 all showed a

A LB RB
Vector backbone T-DNA

1460 bp 1026%p_3926% 240bp
— \
At1g68780 AT4bp At1g68765

Compl.fragm. 2633bp Compl.fragm. 2019bp

D

wt ida M wt ida M

421bp

IDA primers ACTIN primers

Figure 4. Identification of the IDA Gene.

(A) The single T-DNA with 1239 bp of vector backbone was inserted in
chromosome 1 between genes At1g68780 and At1g68765 in the ida
line. The T-DNA insertion had resulted in a 74-bp target-site deletion (A).
The distances from the stop codon and the start codon of these two
genes, respectively, to the T-DNA insertion point are shown (bp), as are
the numbers of base pairs from the start to the stop codons in the two
genes. The single intron in At1g68780 is indicated in black. The direc-
tion of transcription is indicated by arrows. The extents of the two geno-
mic fragments used in a complementation experiment are shown below
the genomic region. All elements in the drawing are not to scale.

(B) The phenotype of ida plants transformed with the fragment encom-
passing the At1g68780 gene was identical to the ida mutant phenotype
(a). Note flowers attached to full-grown siliques (b).

(C) The phenotype of ida plants transformed with the fragment covering
the At1g68780 gene was identical to the wild-type phenotype (a). Note
that floral organs are absent from siliques in the lower positions of the
inflorescence (b).

(D) RT-PCR on mRNA from flowers at positions 1 to 8 amplified the ex-
pected 421-bp fragment with /DA primers from wild-type (wt) but not
from ida plants, whereas a 294-bp ACTIN2-7 fragment was amplified
from both wild-type and ida plants. M, $X174 digested with Haelll.
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wild-type abscission pattern (Figure 4C). Because the small open
reading frame with its upstream and downstream sequences can
complement the mutant phenotype, we concluded that we had
identified the IDA gene.

A cDNA corresponding to the IDA gene, with a 98-bp 5’ un-
translated region and a 205-bp 3’ untranslated region, was cloned
recently. Therefore, the T-DNA in the ida mutant seems to be posi-
tioned in the promoter of the IDA gene (Figure 4A). Reverse tran-
scriptase-mediated (RT) PCR on mRNA of flowers (positions 1 to
8) amplified the expected PCR fragment from wild-type but not
from mutant tissue (Figure 4D), whereas ACTIN2-7, tested as a
positive control, was amplified from both wild-type and ida first-
strand cDNA templates (Figure 4D), and negative control exper-
iments run without reverse transcriptase yielded no PCR prod-
ucts (data not shown). Thus, RT-PCR indicated that the T-DNA
insertion had interfered with normal gene expression.

An IDA:3-Glucuronidase Reporter Is Expressed
Specifically in Floral AZs

To investigate the expression pattern of the wild-type IDA gene,
a promoter fragment of 1419 bp was cloned in a T-DNA vector
in front of the B-glucuronidase (GUS; uidA) gene (see Methods).

Transformed Arabidopsis plants were investigated in a GUS as-
say for IDA:GUS reporter gene expression. Tissue from roots
and all aerial parts of the plants was inspected, and expression
was found to be confined exclusively to specific stages of flower
development. An in-depth analysis was performed on selected
T1 plants and their T2 siblings. These lines harbored multiple
copies of the IDA:GUS construct, but no significant variation
was found between the sublines. Developmental series of flowers
were numbered corresponding to their positions on the inflores-
cence and stained for GUS activity (Figure 5A). Position 1 cor-
responded with anthesis, when carpels, anthers, and petals are
of approximately similar lengths. IDA:GUS activity was absent
in flowers from positions 1 to 4. At position 5, a strong GUS sig-
nal was detected in the floral organ AZ, concurrent with the
decrease in petal breakstrength (Figure 5A). The specific AZ sig-
nal was maintained throughout the floral abscission process
(Figure 5A).

GUS expression was restricted specifically to the AZ at the
bases of all floral organs (filaments, petal, and sepals) at posi-
tion 5. At mid-abscission stages (position 6), IDA:GUS expres-
sion was observed in the AZ of petals, sepals, and anther fila-
ments on the plant body side (Figures 5A and 5D to 5F). In
addition, both strong and weak expression were found in the

Figure 5. IDA:GUS Expression Assay.

Cleared whole-mount preparations of GUS-stained IDA:GUS flowers from different developmental stages.
(A) Developmental assay showing stage-specific AZ GUS expression in early IDA:GUS flower stages. Top row, whole-flower overview; bottom row,

AZ detail. Arabic numerals indicate flower positions on the inflorescence.

(B) and (C) AZ GUS expression in flowers at positions 10 and 15. The arrowhead indicates nectary outgrowth. S, mature seed.
(D) GUS expression in the AZ (stippled lines) and in nectaries (arrowheads) between the sepal bases (se) and anther filament bases (af). O, ovule.

(E) GUS expression in the AZ and in the anther filament base.

(F) Detail of (E). Note the GUS expression in the anther filament AZs on both the plant body side and the anther filament side. The arrowhead marks

nectary outgrowth with weak GUS expression.

(G) IDA:GUS expression in the sepal. The signal seems to diffuse from the base toward the sepal apex.
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outgrowths of the nectary (Figures 5D and 5F, respectively).
IDA:GUS expression also was observed through position 10,
although all floral organs were abscised (Figure 5B). At later
stages, at floral position 15, where the seeds are close to matu-
rity, a prominent GUS signal still was found, although it was
more or less restricted to the outgrowths of the medial portion
of the nectary (Figure 5C). During the course of abscission, the
GUS signal appeared to spread toward the petal, sepal, and fil-
ament apices, probably associated with the vascular tissue and
most likely attributable to spreading of the product of the GUS
reaction rather than to promoter activity (Figures 5A and 5E to
5G). Together, the observed IDA:GUS expression pattern and
timing are congruent with the phenotypic changes seen in the
ida mutant.

The IDA Gene Encodes a Protein with a Signal Peptide

The IDA gene encodes a small protein of 77 amino acids with an
N-terminal hydrophobic region predicted by SignalP software to
act as a signal peptide (Nielsen et al., 1997), whereas no trans-
membrane region was detected. To investigate whether the IDA
protein was secreted, we bombarded onion cells with constructs
containing translational fusions between the IDA cDNA, or the
putative signal peptide, and the green fluorescent protein (GFP)
(see Methods). Both the IDA:GFP protein (Figure 6A) and the sig-
nal peptide:GFP fusion protein (Figure 6B) gave high GFP signals
at the perimeter of a single cell; additionally, a slightly weaker GFP
signal was found around neighboring cells. It appears that the fu-
sion proteins spread out between the adjacent cells. By contrast,
the signals from the GFP protein on its own and GPF fused to Dro-
sophila Heterochromatin Protein1 (HP1), a positive control for sub-
cellular targeting, never were seen in clusters of cells (Figures 6C
and 6D), indicating that the signal always was restricted to the
bombarded cell. GFP alone was present in the cytoplasm and
diffused also into the nucleus as a result of its small size, as re-
ported previously (von Arnim et al., 1998) (Figure 6C), whereas
GFP:HP1 was found solely in the nucleus (Figure 6D). The subcel-
lular localization assay suggests that the IDA and its signal peptide
can export GFP through the secretory pathway of the bombarded
cell to the extracellular (apoplastic) space, where it spreads to
neighboring cells, and/or, assuming that several neighboring cells
are transformed and express the fusion proteins, that IDA is local-
ized to the plasma membrane.

IDA-LIKE Genes Are Present in Arabidopsis and Other
Plant Species

The C-terminal 20 amino acids of the IDA protein was used in
tBLASTnN (Basic Local Alignment Search Tool) searches against
plant EST collections, and IDA-LIKE (IDL) transcripts from eight
different plant species, including one cDNA from Arabidopsis,
were identified. These transcripts encode proteins that are sim-
ilar to IDA—that is, they have predicted N-terminal signal se-
quences (using SignalP), similar pl values (ranging from 11.02
to 12.62; Table 1), and a conserved C-terminal signature (pv/
iPpSa/gPSk/rk/rHN), which we have termed PIP (Figure 7A).
tBLASTNn searches also were performed against the trans-
lated Arabidopsis genome. The hits found were inspected for
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Figure 6. Subcellular Localization of Proteins in an Onion Epidermis
Transient Expression Assay.

GFP fluorescence was revealed 2 h after bombardment using a Nikon
Microphot microscope (Tokyo, Japan) equipped with epifluorescence
and Nomarski optics.

(A) Fluorescence micrographs of the extracellular localization of the
IDA:GFP fusion protein. Note the presence of GFP signal around several
neighboring cells.

(B) Fluorescence micrographs of the extracellular localization of the IDA
signal peptide:GFP fusion protein. Note the presence of GFP signal
around several neighboring cells.

(C) Fluorescence micrographs of the cytoplasmic localization of GFP
alone. The signal in the nucleus is the result of diffusion of the small GFP
protein (~25 kD) (von Arnim et al., 1998). Note that the GFP signal is not
seen in neighboring cells.

(D) Merged fluorescence and differential interference contrast micro-
graphs of the nuclear localization of the GFP:HP1 fusion protein, a con-
trol for subcellular localization. Note that the GFP signal is not seen in
neighboring cells.

short open reading frames encoding proteins with predicted
signal peptides and similarity to IDA in the C-terminal end. This
procedure led to the identification of four additional putative /DL
genes encoding proteins of <100 amino acids that to date are
unannotated (Figure 7A, Table 1). The putative encoded pro-
teins also have high pl values (10.18 to 12.52; Table 1).

The IDL proteins can be divided into two subclasses: AtIDL2
to AtIDL5S and the IDL1s from poplar, wheat, and maize have a
conserved Gly residue very close to the C-terminal end that is
lacking from the other proteins (Figure 7A). The 30 to 40 amino
acids just after the signal peptide are less well conserved than
the PIP motif. However, similarities are found in this region
across species (e.g., AtIDL2 and AtIDL3 and the PtIDL1 of pop-
lar; ZmIDL1 and TalDL1 of maize and wheat; and the IDL1 pro-
teins of lotus, soybean, and black locust). The expression pat-
tern of the IDL mRNAs identified in the databases have not
been investigated. However, the cDNA libraries they come from
(e.g., pathogen-infected plants, petioles, and sapwood-heart-
wood transition zones; Table 1) indicate that IDL proteins may
function in diverse environmental and developmental processes.

To investigate whether the four unannotated putative Arabi-
dopsis IDL genes were expressed, RT-PCR was performed on
first-strand cDNA generated from mRNA of different tissues (Fig-
ure 7B). AtIDL1 also was included in our study. mRNA was iso-
lated using magnetic oligo(dT) beads (see Methods), and the
ACTIN primers used to control the quality and amount of first-
strand cDNA amplified the expected fragment at similar levels
from the six tissues tested (Figure 7B). Negative control experi-
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Table 1. Features of IDL Genes and cDNAs and Their Encoded Proteins

I,
O
)
c
==
aw
)
=
-

Protein Identifier/ Gene/BAC BAC Clone Tissue Source of cDNAs/

Protein Name cDNA Accession Number Clone Position Chra ple Expression Pattern

IDA AAM65435.1 At1g68765 | 11.87 See Figure 5

AtIDL1 AAMG63318.1 At3925655 LI} 12.24 Top-most inflorescence tissues and
roots; see also Figure 7B

AtIDL2 MUB3 69965 to 70249 \Y 12.52 See Figure 7B

AtIDL3 F17114 1503 to 1207 \ 10.61 See Figure 7B

AtIDL4 MVE11 24901 to 25179 LI} 11.92 See Figure 7B

AtIDL5 F22K20 33903 to 33595 | 10.18 See Figure 7B

GmIDLA1 BQ630646 11.74 Roots

LelDL1 Al779570 11.02 Pseudomonas-susceptible tomato

LjiDL1 AW719486 11.13 Nodules

PtIDL1 BU889756 12.53 Petioles

RpIDLA Bl1642538 11.42 Sapwood/heartwood transition zone

TalDLA BM135459 11.37 Fusarium graminearum-infected spikes

ZmIDL1 BI430572 12.62 Juvenile vegetative shoots

2 Arabidopsis chromosome.

bpl values of proteins without putative N-terminal signal peptides, as calculated by Isoelectric* from the Genetics Computer Group.

ments performed for all primer pairs without reverse transcriptase
yielded no PCR products (results shown for ACTIN; Figure 7B).

The AtIDL1 cDNA clone was isolated from an inflorescence
and root library; accordingly, the transcript was amplified from
roots. AtIDL2 was expressed mainly in the aerial parts of the
plant (i.e., rosette leaves, buds, flowers, and seedlings), but weak
PCR fragments also were detectable in roots and mature seeds.
AtIDL3 was expressed only in flowers and seedlings. AtIDL4 and
AtIDL5 have a similar stretch of amino acids between the signal
peptide and the PIP motif (Figure 7A), and these genes showed
similar expression profiles (i.e., they were both expressed in
buds, flowers, and seedlings), but AtIDL4 also was expressed in
roots. At best, the RT-PCR method is semiquantitative, but given
the even amplification of the ACTIN2-7 transcript in all tissues,
our experiment suggests that the five At/DL genes have expres-
sion patterns distinct from that of /DA, which is detected only in
AZ (Figure 5). Thus, the encoded proteins are suggested to be
involved in other developmental processes than is IDA.

DISCUSSION

The ida Mutant Is Unique in That Floral Organs Are
Completely Deficient in Abscission

A variety of mutants, including the recently identified delayed ab-
scission mutants in Arabidopsis (dab7 to dab5), show a visible de-
lay in floral abscission compared with wild-type flowers (Lanahan
et al., 1994; Bleecker and Patterson, 1997; Wilkinson et al., 1997;
Patterson, 2001). The mutant ida is different from any other abscis-
sion mutant described previously in that its floral parts still remain
attached to the plant when it undergoes the normal monocarpic
senescence process (Figure 1C). Therefore, we describe ida as a
mutant deficient, rather than delayed, in floral abscission. The nor-
mal opening and dehiscence of the valves and the shedding of
seeds from the false septum of ida strongly indicate that the muta-
tion disrupts a pathway specific to the control of floral abscission
rather than a more generalized regulation of cell separation.

The IDA Gene Is Suggested to Be Involved in an
Ethylene-Independent Developmental Pathway
That Controls Floral Abscission

The involvement of ethylene in abscission has been widely doc-
umented (Sexton et al., 1985), and until recently (cf. the dab mu-
tants [Patterson, 2001]), all mutants delayed in floral abscission
were deficient in ethylene perception (Bleecker et al., 1988;
Lanahan et al., 1994; Payton et al., 1996; Bleecker and Patterson,
1997; Wilkinson et al., 1997). ida, however, is not ethylene insensi-
tive: seedlings of the ida mutant showed the same triple response
as wild-type seedlings (Figure 3A). In addition, adult ida plants re-
sponded with senescence of leaves and flowers when exposed to
ethylene (Figures 3B and 3C). However, the presence of ethylene
does not induce any floral abscission process in the ida mutant,
in clear contrast to the acceleration of the abscission process
in wild-type plants exposed to ethylene (Figure 3C).

Because ida has an ethylene-independent block in floral abscis-
sion but is otherwise sensitive to ethylene, we suggest that IDA is
involved in an ethylene-independent developmental pathway that
controls this process. This pathway also may involve HAESA and
AGL15, which influence abscission but not ethylene sensitivity
(Fernandez et al., 2000; Jinn et al., 2000). If IDA is regulated solely
by ethylene, one would expect the etr7 mutant to be completely
deficient in abscission, but this is not the case. However, because
the timing of abscission clearly can be modified by ethylene, we
cannot eliminate the possibility that ethylene is involved indirectly
in inducing the IDA function. Therefore, it will be of interest to
cross IDA:GUS plants to etr7 mutants. It is reasonable to suggest
that IDA and ETR1 may act in parallel pathways to control the ex-
pression of genes that contribute to abscission.

The ida Mutation Disrupts the Separation Step of
Floral Abscission

The breakstrength data, as well as the petal AZ fracture planes
seen in the scanning electron micrographs (Figure 2), suggest
that the initial steps in the abscission process are only delayed



I,
O
)
c
=
aw
)
=
=

in the ida mutant, whereas the major effect of the mutation is
seen at the stage at which separation of the floral organs from
the main body of the plant normally would have occurred.

The presence of a flattened fracture plane rather than broken
cells indicates a partial dissolution of the middle lamella. When
petals are removed forcibly, broken cells often result, as is seen
for wild-type and ida plants at position 4 (Figures 2A and 2F). This
results from the greater cell adhesion strength between the AZ
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cells than in the tissues of the developing petal. It is evident that in
ida, early changes in the middle lamella that result in loosening of
the cell-to-cell adhesion must occur, and this is substantiated by
observing the flattened fracture plane at positions 8 and 10 (Fig-
ures 2G and 2H) and changes in breakstrength (Figure 2K). The
initial dissolution of the middle lamella is followed by loosening of
the cell wall, and these changes coincide with an elongation and
rounding of the AZ cells at the fracture plane, as seen for wild-type

£ f£lp p6ppSQPS44HN s

PIP motif

Figure 7. Proteins Encoded by IDL Genes and Expression Patterns in Arabidopsis.

(A) Alignment of IDA and IDL proteins encoded by cDNAs from Arabidopsis (AtIDL1), tomato (LelDL1), lotus (LjIDL1), soybean (GmIDL1), black locust
(RpIDL1), maize (ZmIDL1), poplar (PtIDL1), wheat (TalDL1), and four putative IDL genes of Arabidopsis (see Table 1). Note the hydrophobic predicted
signal peptides and the arrow indicating the positions of cleavage sites predicted by SignalP. Amino acids are shaded according to properties: light
gray with dark letters, hydrophobic residues; dark gray with dark letters, basic residues; light gray with white letters, small residues; dark gray with
white letters, polar nonaliphatic residues. The best conserved residues are shown below the alignment: uppercase letters, amino acids identical in all
proteins; lowercase letters, amino acids identical in at least eight proteins; 6, hydrophobic residue (Val or lle); 4, positive residue (Lys or Arg). The con-

served PIP motif is indicated.

(B) RT-PCR on mRNA from different tissues, as indicated (bottom gels), using primers amplifying fragments of 465 bp (AtIDL1), 280 bp (AtIDL2), 256
bp (AtIDL3), 261 bp (AtIDL4), and 259 bp (AtIDL5). At top, genomic DNA was used as a template, and the marker line (M) is shown. Note that the pos-
itive control for ACTIN2-7, giving a fragment of 255 bp with primers spanning intron 2, was amplified at comparable levels from all tissues. Note also
that the negative control PCR gel—ACTIN (no RT)—shows no products except for the ACTIN2-7 genomic control of 340 bp.
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plants at positions 10 and 12 (Figures 2C and 2D). ida, on the
other hand, shows only an initial rounding of the AZ cells (Figure
2l), indicating the commencement of dissolution of the middle
lamella between adjacent AZ cells. Because fully rounded cells are
not observed in the ida mutant and breakstrength measurements
never reach zero, we propose that ida is defective in cell wall dis-
sociation between AZ cells and therefore never reaches the point
of floral organ detachment.

The ida mutant phenotype has enabled us to refine our work-
ing model for the abscission process (Patterson, 2001). First,
the AZ is formed at the base of the organ to be shed. Obviously,
mutants deficient in the formation of an AZ, like the jointless mu-
tant in tomato, cannot go through abscission (Mao et al., 2000).
However, the ida mutant demonstrates that the development of
an AZ is not sufficient for abscission to take place.

In the second stage of abscission, the AZ is presumed to ac-
quire the competence to respond to abscission signals. In re-
sponsive AZs, ethylene can speed up the activation of the
abscission process, as seen for wild-type flowers (Figure 3C).
However, the ethylene-sensitive ida mutant shows that ethyl-
ene itself is not sufficient for abscission to occur.

The abscission process involves a maturation stage with
changes in cell extensibility and elongation, followed by the ac-
tual dissolution of the middle lamellae between the cells on the
main body of the plant and the organ to be shed. The initial de-
crease in petal breakstrength and the tendencies of rounding of
cells in the AZ (position 12) of the ida mutant (Figures 21 and 2K)
indicate that these aspects of AZ maturation are not sufficient
for abscission to occur. Thus, the final separation step, cell wall
dissociation, represents a distinct stage in the abscission pro-
cess. According to our data, the ida mutant is deficient at this
stage: without a functional IDA gene, this final stage of the ab-
scission process will not take place.

Based on the features of the encoded protein (Figures 6 and 7A)
and the restricted expression of IDA solely in the floral AZs, we
suggest that IDA is involved in an abscission-specific signaling
pathway that leads to, or enables, cell separation. Indeed, the Ara-
bidopsis plasma membrane-associated LRR-RLK HAESA has
been shown to be involved in the control of floral organ abscission
(Jinn et al., 2000), and it would be interesting to investigate
whether IDA could function as a ligand for HAESA.

IDA could act either in a positive signaling pathway, inducing
genes involved in the final separation step, or alternatively in a
negative signaling pathway, inhibiting a repair process poten-
tially induced in the AZ by the initial dissolution of the middle
lamella. One can imagine that weakening of connections be-
tween cells normally would induce repair processes. For abscis-
sion to occur, such repair must be prevented. IDA might function
in blocking repair, whereas in the ida mutant, the loosening of
the middle lamella could trigger the repair process, explaining
the increase in breakstrength from position 12 (Figure 2C).

The Spatial and Temporal Activities of the IDA Promoter
Are Consistent with an Involvement of the Cloned
IDA Gene in Floral Abscission

The single T-DNA of the ida line was shown to reside between two
putative genes, but only the fragment containing the At1g68765

gene, and not the fragment covering the LRR gene, could comple-
ment the mutation (Figure 4). Therefore, At1g68765 was identified
as the IDA gene. Four of 58 plants shown by PCR to contain the
At1g68765 fragment still showed the ida phenotype. It is well
known that the level of transgene expression is influenced by posi-
tion effects and copy number. Thus, we assume that the expres-
sion level from the IDA gene in these four plants was not sufficient
to achieve complementation.

Consistent with the involvement of IDA in floral abscission,
RT-PCR showed that IDA expression was detected in wild-type
but not in mutant flowers (Figure 4D). The IDA:GUS pattern (Fig-
ure 5) also is consistent with a role of the IDA gene in abscis-
sion. IDA:GUS expression was initiated specifically at develop-
mental flower stages corresponding to floral position 5. This is
concurrent with the initiation of floral abscission and suggests
that IDA is upregulated from not present or nondetectable tran-
scription levels at this stage. IDA:GUS expression is maintained
at high levels throughout the abscission process and also is
found in both plants and AZs of organs to be shed, supporting
the hypothesis that /DA functions as an abscission-specific sig-
nal. The absence of IDA:GUS expression during the dehiscence
of seeds as well as the normal shedding of seeds in the ida
mutant also support this notion. The observed maintained
IDA:GUS staining pattern in the floral AZs and in the outgrowths of
the medial and lateral regions of the nectary (Figure 5) suggest
that IDA also serves as a signal for postabscission processes. The
nectary is known to aid in the secretion of a protective layer cover-
ing abscised cells after shedding of the floral organs (Bowman,
1994), and IDA in combination with other factors might function as
a trigger in this process.

The IDA:GUS reporter construct may be valuable in future
studies of abscission and AZ development. The IDA promoter
has now been shown to be AZ specific. Previously, the promot-
ers of a basic chitinase gene and a B-1,3-glucanase from bean
coupled to the GUS reporter (CHIT:GUS and GLUC:GUS) were
used as marker genes for abscission in Arabidopsis (Chen and
Bleecker, 1995; Bleecker and Patterson, 1997; Patterson, 2001).
In wild-type plants, IDA:GUS and CHIT:GUS seem to have tem-
porally overlapping expression patterns (positions 5 to 8). It re-
mains to be determined whether these promoters are expressed
differentially in abscission mutants.

IDA and IDL Proteins Are Suggested to Represent a Novel
Family of Ligands in Plants

Investigation of subcellular localization using the onion epider-
mis assay substantiated the notion that the N-terminal hydro-
phobic part of the small IDA protein is a signal peptide (Figure
6), as predicted by SignalP software. The signal peptide, small
size, and high pl (11.87) are features similar to those of the
ligand CLAVATAS (CLV3), which is required to hinder the over-
production of flowers and floral organs in conjunction with the
receptors CLV1 and CLV2 (Rojo et al., 2002). A large family of
CLV3-LIKE (CLE) genes was identified recently by iterative
BLAST searches in the Arabidopsis genome (Cock and
McCormick, 2001). CLV3 and the CLE proteins have a com-
mon C-terminal motif. CLE:GFP fusions in the onion epidermis
assay have been reported to spread to the perimeter of cells
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adjacent to a bombarded cell (Sharma et al., 2003), and our re-
sults for GFP coupled to the whole IDA protein or its predicted
signal peptide can be interpreted similarly (Figures 6A and 6B).
No other hydrophobic regions apart from the predicted signal
peptide are found in IDA, indicating that it is a soluble protein.
Because no retention or sorting signal apparently is present in
the IDA protein and the IDA protein seems to be localized to the
extracellular space, we predict that IDA is exported through the
secretory pathway by the default pathway for soluble proteins.
However, our onion localization experiment cannot exclude the
possibility that IDA is localized in the plasma membrane.

Proteins similar to the ligand of the Brassica S-locus receptor
kinase, the S locus Cys-rich protein (SCR), are thought to rep-
resent a second class of plant ligands (Vanoosthuyse et al.,
2001). Both the CLE and the SCR-Like (SCRL) proteins are be-
lieved to interact with RLKs. The C terminus of the IDA protein is
distinct from the CLE motif and the Cys-rich pattern of SCRLs;
therefore, IDA is not a member of these two classes of putative
ligands.

We have identified cDNAs that encode proteins with features
similar to those of IDA in eight different plant species (Figure
7A). In addition, we have shown by RT-PCR that the putative
AtIDL genes 2 to 5 are active genes expressed in diverse tissues
(Figure 7B). Compared with the amplification of the ACTIN2-7
transcript, these four genes, as well as AtIDL1, can be said to
be expressed differentially. The At/IDL1 transcript was amplified
only in root tissue and may have a specific role in root develop-
ment. AtIDL2 was present in all tissues examined, but it seems
to be expressed at a relatively higher level in the aerial parts of
the plant. AtIDL4 and AtIDL5 seem to be expressed at relatively
higher levels in buds and flowers, respectively, and may have
specific functions in floral development. The differential expres-
sion pattern suggests that the members of this new family of
genes may be important in diverse developmental processes in
the plant.

The expression patterns of the CLE genes have been investi-
gated using the same RT-PCR approach (Sharma et al., 2003).
Approximately one-third of these genes are expressed ubiqui-
tously, whereas the others have a more restricted expression pat-
tern (e.g., CLE2, which is similar to AtIDL4 in that it is expressed
in roots, seedlings, and reproductive shoot apices/buds). By con-
trast, both IDA and CLV3 have very constrained expression pat-
terns, IDA in the AZ (Figure 5) and CLV3 in the apical meristem
(Fletcher et al., 1999).

Only a few ligand receptor pairs have been identified to date
in Arabidopsis: ligands are known for BRIl that are involved in
hormone sensing (Li and Chory, 1997), for FLS2 that mediate
the defense response (Gomez-Gomez and Boller, 2000), and
for CLV1 (Rojo et al., 2002). However, in the Arabidopsis ge-
nome, there are >400 RLKs with a wide array of extracellular
ligand binding regions (Shiu and Bleecker, 2001), signifying the
presence of various and numerous ligands. To date, the CLE
and SCRL classes of putative plant ligands have been charac-
terized. The C-terminal amino acid sequence of IDA is distinct
from both of these classes and similar to that of the group of
IDL proteins putatively encoded by at least five genes in Arabi-
dopsis and cDNAs of a diverse group of other plant species.
Thus, we suggest that IDA and IDL proteins represent a third
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class of partners of plant receptors. To understand the abscission
process and other processes in which signaling networks are in-
volved, it will be important to substantiate this hypothesis (e.g., by
identifying the putative receptors of IDA and IDL proteins).

METHODS

Ethylene Responses

Wild-type (C24) and mutant Arabidopsis thaliana plants were analyzed
for ethylene responsiveness by treating germinated seedlings with 10
ppm ethylene for 3 days in the dark (Chen and Bleecker, 1995) and gas-
sing mature plants with 10 ppm ethylene for 48 h in a 16-h-day/8-h-night
cycle.

Scanning Electron Microscopy

Individual flowers were fixed in 4% glutaraldehyde (w/v) in 0.5 M potas-
sium phosphate buffer, pH 7.5, rinsed four times in buffer, and then de-
hydrated in a graded ethanol series. Samples were critical point dried in
liquid CO, and mounted on steel plates covered with double-stick tape
and sputter-coated with gold palladium. Samples were viewed at 10K
accelerating voltage on a Hitachi S-570 scanning electron microscope
(Tokyo, Japan).

Cloning of Plant DNA Flanking the T-DNA Insertion of the ida Line

The right border junction was cloned using inverse PCR (Meza et al.,
2002) with gus 78 (5'-CACGGGTTGGGGTTTCT-3') and gus 330 (5'-
TGCGGTCACTCATTACGG-3') as a first primer set and gus 64L (5'-
TTTCTACAGGACGGACCAT-3') and gus 342 (5'-TTACGGCAAAGT-
GTGGGTC-3’) as a nested primer set. After sequencing of the amplified
fragment, a genomic primer (ida49; 5'-GGTGTTTCTACTATGCGTGTG-
3’) and a left border-specific primer (5074+; 5'-ATTTGTCGTTTTATC-
AAAATGTAC-3’) were used in PCR to amplify the other junction.

Plant Material and Constructs for Complementation of the
ida Mutation

Wild-type (C24) and transgenic Arabidopsis plants were cultivated in
growth chambers at 22°C for 8 h of dark and 16 h of light (100 pE-m~2-s~1),
Two fragments were used for a complementation test. A fragment encom-
passing the At1g68765 gene, amplified from genomic wild-type DNA us-
ing the primers 5-GCTCTAGATGACCTATTTGAGAAAGACGAATG-3’
and 5'-TCCCCCGGGTTCTGAATCAAAGGGTTTGTG-3’, which have re-
striction endonuclease sites for Xbal and Smal (in boldface), respec-
tively, at the 5’ ends, was inserted between the Xbal and Smal sites of
the Ti vector pGSC1704 (kindly provided by the Laboratory of Genetics,
Flanders Interuniversity Institute for Biotechnology, Gent, Belgium),
which has a hygromycin resistance gene within the T-DNA. A second
fragment encompassing At1g68780 was amplified with primers with
Xbal sites at the ends (5'-GCTCTAGATTTTTGAAGAAAGGGACAGTTG-
3’ and 5'-GCTCTAGAGAACCGACCGTATCATACATTG-3’) and cloned
into the Xbal site of pGSC1704. ida mutant plants were transformed us-
ing the Agrobacterium tumefaciens—-mediated floral dip method (Clough
and Bent, 1998), and transformants were selected by germinating seeds
on plates containing 10 ng/mL hygromycin. PCR with construct-specific
primers was used to confirm that resistant plants harbored the intended
T-DNAs.
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Reverse Transcriptase-Mediated Expression Analyses

mRNA was isolated from Arabidopsis tissues using magnetic oligo(dT)
beads (GenoPrep mRNA beads; GenoVision, Qiagen, Valencia, CA) and
treated with 1 unit of DNasel (Invitrogen, Carlsbad, CA) per microgram of
mRNA for 15 min at room temperature before first-strand cDNA synthe-
sis with reverse transcriptase from Avian myeloblastosis virus (Promega)
according to the manufacturer’s suggestions. Negative controls were
used in experiments in which the reverse transcriptase was omitted. The
following gene-specific primers were used for PCR amplification from
the cDNA: for IDA, 5'-GAAGAAAAAAAACATTGACTCCA-3' and 5'-TGG-
CCGTAATGACCTTAAAC-3'; for ACTIN2-7, 5'-GCTGGTTTTGCTGGT-
GATGATG-3' and 5'-TAGAACTGGGTGCTCCTCAGGG-3' or 5'-CCG-
CAAGATCAAGACGAAGGATAGC-3' and 5'-CCCTGAGGAGCACCC-
AGTTCTACTC-3' spanning intron 2; for AtIDL1, 5'-AATAGCTAAATT-
AGTGTCTCCTCCTC-3' and 5'-AACGTTCCAACCGAGATATTAC-3’; for
AtIDL2, 5'-CGTCTCGAAACCAAAGATCAAG-3' and 5'-GGAGAAGAT-
CGATGCCAAC-3'; for AtIDL3, 5'-TTTCGTGAAGGACCAGAAGTTG-3'
and 5'-CTCGAAGCCACCGATCAAG-3'; for AtIDL4, 5'-CGTCCACAT-
TATTGGAGAAGAAG-3’ and 5'-CAACAAGGCTTGAATACCAATG-3'; and
for AtIDL5, 5'-TCATGGACATCTATGGGAGTTAG-3' and 5'-GGTGTT-
CTCATGGAGGATTGG-3'. For IDA, ACTIN2-7, AtIDL1, AtIDL3, and
AtIDL5, PCR was run for 30 cycles; for AtIDL2, AtIDL4, and ACTIN2-7
using the primers spanning intron 2, PCR was run for 35 cycles.

Generation of Transgenic IDA:GUS Plants

The IDA:GUS construct was made using Gateway cloning technology
(Invitrogen). The pPZP211G vector is a pPZP Agrobacterium binary vec-
tor (Hajdukiewicz et al., 1994) with a spectinomycin bacterial selectable
marker, nptll, as a plant selectable marker and a promoterless GUS gene
with a nos terminator inserted between the Smal and EcoRl sites of the
polylinker. This vector was converted to a Gateway vector by inserting
the C.1 Gateway cassette into the Smal site in front of the GUS (uidA)
gene using the Gateway vector conversion system (Invitrogen), thus
generating the Gateway vector pPZP211G-GAWI. A 1419-bp IDA pro-
moter fragment was amplified by PCR with the primers proA (5'-TTT-
TCAATTTTGTTATTGCAT-3') and proB (5'-ATTTGGTAGTCAATGTTTTTT-
TTC-3') with additional Gateway att sequences at the 5’ ends introduced
into the pPDONR201 Gateway entry vector and thereafter recombined into
the pPZP211G-GAWI vector, generating the construct pPZP IDA:GUS.

The construct was transferred to the A. tumefaciens strain C58C1
pGV2260 and used to transform Arabidopsis (ecotype C24) as described.
Transformants were selected on Murashige and Skoog (1962) medium with
50 wg/mL kanamycin. PCR with construct-specific primers was used to
confirm that kanamycin-resistant plants were true transformants.

Histochemical GUS Assay

GUS staining, postfixation, and whole-mount clearing preparations of
flowers and siliques from various positions along the inflorescence were
performed as described (Grini et al., 2002) and inspected with a Zeiss
Axioplan2 imaging microscope equipped with differential interference
contrast optics and a cooled Axiocam camera imaging system (Jena,
Germany).

Subcellular Localization Assay

For onion epidermis nuclear localization assays (Baumbusch et al.,
2001), a cDNA-GFP fusion vector was made using Gateway cloning
technology (Invitrogen). The pKEx-327 vector (Baumbusch et al., 2001)
was converted to a Gateway vector (b KEGAW-smGFP) by inserting the
C.1 Gateway cassette into a blunted Sall site using the Gateway vector

conversion system (Invitrogen). The coding region and the region encod-
ing the amino acids encompassing the putative signal peptide, both with
a 96-bp 5’ untranslated region, were amplified with the primers idaGFPA
(5’-TTATTCATTTCATTCATAAGACCCTTC-3') plus idaGFPD (5'-ATG-
AGGAAGAGAGTTAACAAAAGAG-3') and idaGFPA plus idaGFPE (5'-ACA-
AGAACTACTCGCCGC-3'), respectively, with additional Gateway att se-
quences at the 5’ end, and recombined into pKEGAW-smGFP so that
the IDA coding region or signal peptide would be expressed as fusion
proteins with the GFP at the C-terminal end. A GFP fusion construct with
Heterochomatin Protein1 from Drosophila melanogaster in the pKEx-327
vector was used as a control for subcellular localization.

Bioinformatics Tools

Database searches were performed using BLASTP, tBLASTn, and PSI-
BLAST (Basic Local Alignment Search Tool) (http://www.ncbi.nlm.nih.gov/
BLAST/). The presence of an N-terminal signal peptide was investigated
using SignalP (http://www.cbs.dtu.dk/services/SignalP/). Amino acid
sequence alignments were created using CLUSTAL X 1.8 (http://www-
igbmc.u-strasbg.fr/Biolnfo/ClustalX) with default parameters and man-
ual adjustments with GeneDoc 2.6.001 (http://www.psc.edu/biomed/
genedoc/).

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact Reidunn B. Aalen, reidunn.aalen@bio.uio.no.

Accession Number

The accession number for the IDA cDNA is AY087883.
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